Collisional-radiative model for atomic oxygen was applied to arc-heater plumes to clarify a mechanism of population density. The model with input parameters obtained by laser absorption spectroscopy and a single probe measurement shows consistent results with that of emission spectroscopy. As a result, the population density was found not to obey the Boltzmann distribution. The number density of ground level was estimated 20% lower than that in Boltzmann distribution.
Introduction
In developing thermal protection systems for reentry vehicles, arc-heaters are often used to simulate reentry conditions. However, their exact plume conditions are mostly unknown because they are usually in strong thermo-chemical non-equilibrium.
1-3) Although various intrusive and non-intrusive measurements such as probe and spectroscopic methods have been actively applied to the characterization of such high enthalpy plumes, and the electron density, temperature and vibration, and rotational temperatures of atoms and molecules in the plumes are gradually clarified, it is still difficult to measure the chemical compositions by these spectroscopic methods.
In our previous research [4] [5] [6] , number density of meta-stable atomic oxygen in the University of Tokyo arc-heater plume was measured by laser absorption spectroscopy as shown in Fig.1 . As a result, the number density was found in the order of 10 16 m -3 . However, number density of total atomic oxygen, most of which is in ground level, is difficult to be deduced from the meta-stable one because its electronic excitation would not be in thermal equilibrium. Then, in this study, relationship between measured meta-stable oxygen and ground level oxygen was investigated developing a collisional-radiative model. 
Collisional-Radiative Model
Although collisional-radiative models for various gases have been discussed, most of them are developed to estimate electron temperature or electron density combined with emission spectroscopy. [7] [8] [9] [10] [11] [12] [13] [14] Models for number density estimation have not been developed.
In this study, the collisional-radiative model for atomic oxygen developed by Kunc was based. [7] [8] [9] [10] Since this model is aimed for ionizing plasma, only electron-impact excitation and spontaneous emission in low excited levels are considered as transition processes. On the other hand, high enthalpy flows for TPS tests are usually recombining plasma. Then, effects of higher levels and ion are added to the model.
Levels
Park's model was used. 15) In this model, internal levels are categorized to 19 levels as tabulated in Table 1 . Here, i is the level number, g is the statistical weight and E is the excitation energy, respectively. Then, according to the Kunc' model, these 19 levels are divided into three zones: Boltzmann, Active and Saha zones.
Boltzmann zone
The levels with i =1, 2 and 3 almost always have Boltzmann distribution 9) :
Here, n is the number density, k B is the Boltzmann constant and T e is the electron temperature, respectively. Then, n 2 and n 3 are represented by the function of n 1 and T e .
Active zone
Since Griem boundary p G and Byron boundary p B defined below are 2.8 and 2.6 at T e of 8000K and n e of 10 19 m -3 , respectively, levels whose principal quantum number p is 3 are categorized to Active zone. Rate equations for these levels with i = 4~7 are considered. 10, [16] [17] [18] [19] [20] 
Here, n e is electron density and R is Rydberg constant.
Saha zone
Since principal quantum number of levels with p>8 is enough larger than p G and p B , these levels are almost in Saha equilibrium. Then, n i is related to number density of atomic oxygen ion n O+ and n e as,
Here, Z is Saha-Boltzmann constant and is the ionization energy, respectively. The Grotrian diagram is shown in Fig.2 .
Rate equations
Assuming the quasi steady state condition, rate equations for i = 4~7 are expressed as,
Here, C, F, S, A, , are the rate coefficients of electron-impact excitation, electron-impact de-excitation, electron-impact ionization, spontaneous emission, three-body recombination and radiative recombination, respectively. 15) Reverse rate F were estimated by the principle of detailed balance expressed as,
Spontaneous emission
All data of A is referred to NIST. 21) Although atomic oxygen has 910 emission lines, for simplicity, those from levels with p>5 are neglected. Moreover the rest 60 lines are reduced to 14 lines considering the statistical weight as tabulated in Table 2 
Here, m e is the mass of electron, e is the electron charge and K is the fitting parameter, respectively.
Three-body recombination
Rate coefficient of three-body recombination is estimated by the principle of detailed balance with S and Z.
Radiative recombination Rate coefficient of radiative recombination to the ground level 1 for T e =100K, 1000K, 10000K is taken from Nahar. Dependency on temperature of 1 is estimated by linear interpolation. 25) For the other levels, i is estimated by the scaling rule of Fujimoto. 
Calculation process
For 22 parameters ( n i (i=1~19), n e , n + and T e ), there are 8 unknown parameters ( n i (i=1,4~7), n e , n + and T e ) and 18 equations (Eqs.(4,5,9)). Then, four parameters are necessary to solve the rate equations.
In this study, n 4 , n e , n O+ and T e are chosen as input parameters. Here, n 4 is obtained from laser absorption spectroscopy, n e and T e are obtained from a single probe method or emission spectroscopy and n O+ is a tuning parameter.
Input Conditions
Details of the arc-heater and laser absorption spectroscopy measurement are described in the reference [4] [5] [6] .
In addition, emission spectroscopy and a single probe measurement have been applied to obtain electron density and temperature. Here, electron temperature was estimated by OI and ArI emission lines, respectively. Observed emission lines and their transition data are shown in Fig.3 and Table 3 . Since observed ArI lines are emissions from higher levels than the Byron boundary, these levels are considered close to LTE. Then, estimated T e by ArI lines was adopted as an input parameter.
Since n O+ is not equal to n e for the presence of argon ion and molecular oxygen ion, n O+ is also necessary to be determined. Here, the ration of n O+ to n e is set to be 0.1, which corresponds to thermo-chemical equilibrium. Then, the ratio is changed from 1 to 0.001.
All experimental results are summarized in Figure 4 shows calculated results with various n O+ /n e . As shown in this figure, number density in lower levels is almost independent of n O+ /n e . This means that three-body and radiative recombination doesn't contribute to increase of number density in those levels.
Results and Discussion

Results
On the other hand, number density in higher levels has strong dependence on n O+ /n e . Table 4 shows T e estimated by Boltzmann plot of calculated n 6~n12 , whose levels were detected in the emission spectroscopy. The result shows the model is consistent with the result of emission spectroscopy. Table 5 shows calculated n 1 and that estimated from Boltzmann plot. As seen in this table, estimated n 1 by CR model is 20% less than that estimated by Boltzmann plot.
Fig.4 Calculated number density for various
n O+ /n e 
Discussion
To validate this model, sensitivity analysis was applied. n e dependency Dependency of n e on n i is shown in Fig.5 . Number density in lower levels (n 1 , n 5 ) is almost constant with n e <10 21 m -3 and then, rapidly decreases. This sudden decrease is due to the ionization. On the other hand, number density in higher levels (n 6 , n 7 ) increases with n e . Therefore, in arc-heater plumes (10 17 m -3 < n e <10 20 m -3 ), n e is not so important for n 1 estimation. T e dependency Dependency of T e on n i is shown in Fig.6 . Although number density in higher levels (n 5 , n 6 , n 7 ) is almost constant, n 1 increases with T e . Therefore, T e is most carefully measured for n 1 estimation. n 4 dependency Dependency of n 4 on n i is shown in Fig.7 . Number density in all levels almost linearly increases with n 4 . 
Conclusion
• Collisional radiative model for atomic oxygen was developed.
• Calculated number density of higher levels is consistent with the result of emission spectroscopy.
• OI excited levels with p=3 are in non-equilibrium and cannot be used for the determination of electron temperature.
•
Number density of ground level was estimated to 20% lower than that in Boltzmann distribution. Meta-stable number density n 4 , m -3
